The genomes of all members of the Parvovirus genus were found to contain a small open reading frame (ORF), designated SAT, with a start codon four or seven nucleotides downstream of the VP2 initiation codon. Green fluorescent protein or FLAG fusion constructs of SAT demonstrated that these ORFs were expressed. Although the SAT proteins of the different parvoviruses are not particularly conserved, they were all predicted to contain a membrane-spanning helix, and mutations in this hydrophobic stretch affected the localization of the SAT protein. SAT colocalized with calreticulin in the membranes of the endoplasmic reticulum and the nucleus. A knockout mutant (SAT ؊ ), with an unmodified VP sequence, showed a "slow-spreading" phenotype. These knockout mutants could be complemented with VP2
Porcine parvovirus (PPV) is the major causative virus in a syndrome of reproductive failure in swine, which includes stillbirths, mummified fetuses, early embryonic death, and infertility (12, 25) . PPV replicates autonomously and has physicochemical properties and genomic sequences which resemble those of minute virus of mice (MVM), H-1 rodent parvovirus, canine parvovirus, and feline panleukopenia virus. These viruses are classified in the Parvovirus genus of the Parvoviridae (41) . All parvoviruses have nonenveloped, icosahedral capsids with a diameter of around 25 nm and contain a single-stranded, linear DNA genome of about 4 to 6 kb.
The 5-kb genome of PPV contains two major open reading frames (ORFs). The left ORF encodes the nonstructural protein 1 (NS1 protein) and, via alternative splicing, the NS2 protein (3) . NS1 has helicase and nickase activities and is indispensable for viral replication and genome packaging (13, 29) . NS1 binds both viral and host DNA, interacts with cell proteins, and induces cell lysis (10) and apoptosis (32, 36) . The large right ORF of the parvoviral genome encodes two to three N-terminally extended isoforms of the structural protein. VP1, the minor component of the capsid, possesses a Ca-dependent phospholipase A2 (PLA2) motif within its unique N-terminal region in almost all parvoviruses (48) . This enzymatic activity is required for viral infectivity. Interestingly, this region of VP1 resides within the capsid of PPV (7), as was previously observed for MVM (9) . It is currently unknown if and when in the viral cycle the PLA2 is externalized to gain access to its substrate. In addition to the two major ORFs, shorter, alternative ORFs were identified at various positions in different parvovirus genomes. Some of them overlap with the VP ORF. For example, two minor ORFs that overlap the 3Ј ends of the NS and VP ORFs were recognized in B19 parvovirus (37, 38) . Abundant amounts of polyadenylated small mRNAs with these two ORFs are found in infected human erythroid leukemic cells and are translated into 11.5-and 7.5-kDa proteins (14, 23) . A short ORF (protein X) was found in the VP1 gene of the human erythrovirus V9 (27) . Evidence that an ORF located between nucleotide (nt) 3922 and 4388 is transcribed from a novel promoter p81 (18) has been found for adenoassociated virus 2. Aleutian disease virus (ADV), which in many ways is unique among parvoviruses, has two overlapping ORFs between the two mayor ORFs (1, 6) .
We noticed that all members of the Parvovirus genus, as well as ADV, have a short ORF of about 60 codons directly downstream of the initiation codon of VP2. Our objectives were to establish whether these conserved ORFs are translated, to characterize the translation products, and determine whether these putative late NS proteins are essential in parvoviral reproduction.
with 5EGFS1 (ATCGCCGTCTACGTGAGCAAGGGCGAGGAGC), 5EGFS2 (ATCGCCGTCTACGGTGAGCAAGGGCGAGGAG), 5EGFS3 (ATCGCCG TCTACTGGTGAGCAAGGGCGAGGAG), and 3EGFAS1 (CGGCCGGTAG ACTTGTACAGCTCGTCCATGCCG) primers; and by digestion with AccI. For the SAT (for small alternatively translated protein)-FLAG fusion construct, the Ins68FR2 construct was digested with XhoI and EcoRI enzymes, and the GFP fragment was changed to a double-FLAG sequence by using the hybridized FLAGST5 (TCGATTATAAAGACGACGACGATAAGGGAGGAGATTAC AAGGACGACGACGATAAAAGTAGTTGATCAT) and FLAGST3 (AATT ATGATCAACTACTTTTATCGTCGTCGTCCTTGTAATCTCCTCCCTTAT CGTCGTCGTCTTTATAA) oligomers.
Cloning the VP1 and VP2 transcripts. Different GFP fusion constructs were obtained by using recombinant PCR to bridge the intron by amplification of pN2D using the PP40tr5 primer (start VP mRNA, GCTCTAGACATCAGTG AAAACTTCGCCAG) with either VP1mrna3 primer (bridges donor 2 with acceptor GTATCCTGGTAGAGTTAGTCCTCTTGCTCTTTTTGCAGGAG GCG) or VP2mrna3 primer (bridges donor 1 with acceptor GTATCCTGGTA GAGTTAGTCCTTATTCAAGGTTTGTTGTGGGTGC) for the upstream fragment of VP1 and VP2, respectively. The common downstream fragments of VP1 and VP2 were obtained by PCR using either the VP2mrna5 primer (CCT TGAATAAGGACTAACTCTACCAGGATAC) for VP2 or the VP1mrna5 primer (GAGCAAGAGGACTAACTCTACCAGGATAC) for VP1 and the PPV PR36 reverse primer (AGTTAGTAGTTTTGGAGGCAGTCC). The two overlapping fragments were then fused by recombinant PCR, digested with EcoRI and XbaI, and cloned into the NheI-and EcoRI-digested pCDNA 3.1 plasmid.
Immunoprecipitation. About 1 million cells were lysed in 200 l IP lysis buffer (0.5% NP-40, 1% Triton, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-HCl, pH 7.4). The lysate was clarified by centrifugation (13, 000 ϫ g; 5 min) and the supernatant was incubated with 5 l polyclonal anti-eGFP antibody for 2 h at 4°C. Then, 10 l of protein G-agarose (Roche) was added to the sample. Following an additional 1-h incubation, the protein G-agarose beads were centrifuged (8, 000 ϫ g; 5 s) and washed twice with ice-cold lysis buffer. Finally, 20 l 2ϫ sodium dodecyl sulfate (SDS) loading buffer was added to the beads.
SDS-PAGE and Western blotting.
Immunodetection of the proteins after SDS-polyacrylamide gel electrophoresis (PAGE), was carried out by using antieGFP antibody (Clontech) in a 1,000-fold dilution and alkaline phosphataseconjugated anti-mouse immunoglobulin G (Bio-Rad) in a 2,000-fold dilution. The alkaline phosphatase was revealed using the nitroblue tetrazolium chloride-5-bromo-4-chloro-3-indolylphosphate colorimetric substrate according to the supplier's recommendations (Roche Diagnostics).
Immunofluorescence virus titration. Cells were fixed with 3% formaldehyde and permeabilized with 3% Triton X-100. Calreticulin-fused DsRed2 fluorescent protein was used for endoplasmic reticulum (ER) labeling (pDsRed2-ER plasmid; Clontech). The 3C9 (CRL-17; ATCC) anti-PPV capsid-specific monoclonal antibody (MAb) was used for titration of viral stocks by three parallel, independent dilutions and plating experiments with PT cells. Confocal images were taken with the Bio-Rad MRC 1000 laser microscope with an argon-krypton light source. Anti-eGFP and anti-Flag antibodies were visualized with Alexa Fluorlabeled secondary antibodies (Molecular Probes).
RESULTS

Small conserved ORF.
Sequence analysis revealed a small, conserved alternative ORF overlapping the amino-terminal portion of the VP2 ORF of all viruses of the Parvovirus genus (Fig. 1A) . This small ORF can also be found in the genome of the ADV but not in other parvoviruses (Fig. 1C) . Among members of the Parvovirus genus, the ORF extends between 50 to 64 amino acids and starts with an ATG codon 4 nt downstream of the VP2 protein start codon. Exceptionally in PPV, the ATG codon is positioned 7 nt after the VP2 initiation codon (Fig. 1B) . We designated this ORF of the Parvovirus genus members as small alternatively translated protein (SAT)-ORF. The primary sequence of SAT proteins is not particularly conserved. However, all SAT proteins were predicted by different topology prediction programs (33, 44, 45) to be membrane proteins containing a single membrane-spanning ␣-helix in approximately the same position. In each case, the N-terminal region of the hydrophobic helix shared the same G-rich coding region with the so-called glycine stretch in the VP2 protein (Fig. 1D) .
Anti-SAT antisera. The SAT-ORF was expressed in Escherichia coli in the pBAD2TEV expression vector (7) as a thioredoxin-SAT-six-His fusion protein. However, the sera failed to recognize SAT, although they readily recognized the SAT fusion partners. Serum raised by peptide immunization against the first 16 amino acids of SAT also failed to recognize the immunizing peptide. Although disappointing, immunization failure is not unusual with small hydrophobic proteins (5) .
GFP-SAT fusion proteins. To demonstrate its existence and to identify the product of this ORF, GFP was inserted into the infectious clone of PPV in five different positions of the SAT-ORF in all three open reading frames (Fig. 2) . These 15 different constructs were transfected into PT cells; after 24 h, the cells were fixed and monitored for GFP expression. All five positive control constructs in which the GFP was inserted into the VP frame (frame 1 [FR1]) resulted in GFP expression in PT cells (Fig. 2B) . GFP expression could be detected by fluorescence in both the cytoplasm and the nucleus. As expected, no GFP was detected in any of the five inserts in frame 3 (no ORF). In contrast, all five constructs in which GFP was inserted in frame with the SAT-ORF (FR2) expressed GFP, although the distribution of the protein in the cell showed marked differences, depending on the insertion points (Fig.  2B ). The two constructs in which GFP was inserted before the predicted membrane-spanning helix showed cytoplasmic and nuclear distribution, similar to that of the VP2-GFP constructs. However, fusion proteins in which the GFP was inserted at the 3Ј end or after the predicted membrane-spanning helix coding sequence were excluded from the nucleus and the cell membrane. To demonstrate that this localization of SAT was not the result of some unrecognized interaction of the fusion tag, another construct was made where the GFP fusion tag of the full-length SAT was replaced by a double FLAG tag. This fusion protein showed exactly the same localization as the GFP-labeled SAT (Fig. 3A) . The nuclear membrane staining and the characteristic pattern in the cytoplasm suggested that these proteins resided in the ER-nuclear membrane system. Cotransfection of the FLAG fusion protein construct with the pDsRed2-ER plasmid expressing the calreticulin-RFP fusion protein ER marker demonstrated that the two proteins colocalized and that SAT indeed localized in the ER-nuclear membrane compartment (Fig. 3A) . The localization of GFP-tagged SAT with viral NS and capsid proteins was also investigated. No colocalization was observed, since both the NS and the VP proteins were localized in the nucleus ( Fig. 3A and B) .
Role of membrane-spanning helix in localization of SAT protein. The inability of the membrane-spanning helix-truncated SAT versions to localize in the ER suggested that this helix is the main determining factor of the confinement of SAT into this specific cellular compartment. Two types of mutants were made to investigate the role of the predicted membranespanning helix in SAT localization. In one type, the amino acid sequence of SAT in the helix region was partially or completely changed without changing the amino acid sequence of VP; in the other, the full helix was deleted (Fig. 3C ). Five amino acid changes sufficed for leakage of the SAT protein into the nucleus (Fig. 3D , panel Sm1), whereas more changes or deletion of the amino acid sequence of the predicted membrane-spanning helix of SAT completely changed its localization. To exclude the possibility that the observed differences in SAT localization were the consequence of some nonspecific effect of the nucleotide sequence modification, we changed the amino acid sequence of VP in this region without changing the SAT amino acid sequence (Fig. 3D ). This mutant SAT localized as the wild type, confirming that changes in SAT localization can be attributed to the amino acid changes in the membranespanning helix.
Initiation of SAT protein translation. The first AUG in mRNAs usually initiates translation in eukaryotes. However, there are numerous exceptions (17, 20, 21, 34) to this rule. One of the exceptions is when two AUGs are just a few nucleotides from each other (19, 47) . In this case, both AUGs can function as a start codon for protein synthesis. The closeness of the potential start codons of the SAT proteins and VP2 indicated that they could be translated from the same mRNA. To investigate this hypothesis, we cloned the spliced versions of VP1-GFP and VP2-GFP fusion constructs into pCDNA3.1 vectors and expressed them in PT cells (Fig. 4A) . These vectors contained the full-length 5Ј nontranslated leader sequences of either VP1 or VP2 mRNAs and the translated region where the GFP was fused either to the VP frame or to the SAT frame. The VP2 mRNA of both the VP-and SAT-fused versions of three SAT knockout mutants (Fig. 4B ) was also cloned and expressed. The expressed proteins were immunoprecipitated with a polyclonal anti-GFP antibody and run on SDS-PAGE, The N-terminal coding region of VP2 from the same viruses is shown with the first amino acid of VP2 in boldface and underlined and the fully conserved serine in VP2 in italics, whereas the conserved codon is in italics and underlined. The first amino acid of the SAT is also in boldface type. (C) Unrooted phylogenetic tree of NS protein sequences from parvoviruses as determined previously (15) on January 29, 2018 by guest http://jvi.asm.org/ followed by Western blotting using an anti-GFP MAb. A single band could be detected on the blot when VP1 mRNA was expressed and GFP was fused to the VP frame (corresponding to the appropriate size of the VP1-GFP fragment) (Fig. 4C , lane 1). No protein was detected from the VP1 mRNA when GFP was fused to the SAT frame. These findings strongly suggest that only the VP1 start codon is used for translation initiation of the VP1 mRNA. In contrast, proteins translated from both the VP and SAT frames from the VP2 mRNA (Fig.  4C , lanes 2 and 4). Protein translation was not observed from the SAT frame of the VP2 mRNA of the knockout mutants (Fig. 4C, lanes 6, 8, and 10 ), indicating that SAT is indeed translated from the VP2 mRNA and that the introduction of a stop codon into the SAT-ORF inhibits SAT synthesis. The usage of a GFP-expressing plasmid as an internal reference in transfection enabled an estimation of the translation ratio of SAT and VP2. Based on the densitometric comparison of GFP-tagged proteins, the ratio of the alternative translation of SAT was around 60% of the VP2 proteins (VP2 and SAT) (Fig. 5B) .
Three methionines can be found in the PPV SAT-ORF and at least two different versions of SAT can be distinguished on the Western blot. These three methionines were mutated to threonine to investigate whether the SAT proteins are initiated at different AUGs. Mutation of the second and third AUG did not have any visible effect (M1 and M5) (Fig. 5) . However, mutation of the first AUG completely eliminated all protein translation from the SAT frame (M11) (Fig. 5) . This suggested that the multiple bands might be the result of posttranslational modifications rather then multiple initiations.
The N-terminal regions of VP2 and SAT are not particularly conserved in parvoviruses. In spite of this, the first 8 nt of VP2 show an almost complete conservation (ATGAGTG/AA), which results in a fully conserved serine at the second amino acid position of the VP2 and two stop codons overlapping with the methionine and serine codons (in the second and third frames). To investigate the role of this conserved sequence in the SAT translation, two mutants were created (Fig. 5) . Changing the DNA sequence of the fully conserved serine-2 of VP2 (AGT to TCA), which also eliminates the overlapping stop codons, did not change the translation pattern of the SAT. However, mutating the conserved serine to alanine (AGT to GCT, as in construct M7) (Fig. 5 ) dramatically reduced the translation of SAT. Interestingly, the L8S (M3) (Fig. 5 ) mutation of SAT seemed to interfere with the normal modification process because this eliminated the lower bands of SAT. SAT-related phenotype. To investigate the role of SAT in the PPV life cycle, six mutant viruses were created introducing mutations M7, M9, M11, and SAT Ϫ 1 to -3 into the infectious clone of PPV ( Table 1 ). The transfected mutant clones yielded infectious virions (designated M7V, M9V, M11V, and SAT Ϫ 1 to -3V), suggesting that SAT, at least in tissue culture, is not essential. There was no significant difference between the wildtype virus and the mutant viruses in the specific infectivity (genome equivalents/fluorescent focus units [FFU] ) or the infectious titer of the viral stocks (ϳ10 7 FFU/ml) if the infection was allowed to proceed completely. However, compared to the wild-type virus and mutant M9, there was a significant delay in the spreading of five mutant viruses, containing mutations (SAT Ϫ 1 to -3, M7, and M11) that eliminated or significantly reduced SAT expression. After 40 h at a low multiplicity of infection (MOI) (0.02 FFU/cell of virus), 99% of the cells were infected in the case of wild-type virus while this was still significantly Ͻ10% for the SAT Ϫ 2 mutant (Fig. 6A ). This delay of the spreading manifested itself in lagging growth curves for all mutants that do not express SAT (Fig. 6B) .
Complementation experiments were done to test whether the "slow-spreading" phenotype of the SAT Ϫ mutants was really due to the loss of the SAT (Fig. 7) . The PPV life cycle takes about 18 to 24 h in PT cells. Foci of infected cells can be In contrast, only a few cells were infected at the same time, and no foci could be observed in the case of the SAT Ϫ 2 mutant (Fig. 7A and  B) . When the SAT Ϫ 2 mutant was cotransfected with either of the two VP2 deletion constructs (wt⌬ and VP2 Ϫ⌬ ), both containing a complete and functional SAT frame, the foci of infected cells could be detected just as soon as in the case of wild-type virus. However, foci could not be observed when SAT Ϫ 2 was cotransfected with the SAT Ϫ 2⌬ construct. Thus, the wild-type SAT supplied in trans could complement the "slow" phenotype of the mutant virus. To exclude the possibility that foci in the cotransfection experiments were the result of recombination between two constructs, virus stocks from all transfections were seeded and cells were monitored for the presence of foci. Only the wild-type stock was able to form foci, whereas the SAT Ϫ mutant stocks raised from either cotransfection or transfection alone were not able to do so at 38 h postinfection, demonstrating that the foci detected during cotransfection were due to complementation and not to recombination (Fig. 7) . Similar complementation experiments were executed with SAT Ϫ 1, SAT Ϫ 3, M11, and M7 mutants. The first three mutants gave similar results to SAT Ϫ 2, while the M7 mutant yielded somehow fewer and significantly smaller foci.
DISCUSSION
Presence of SAT-ORF.
The relatively large number of parvoviruses with known sequences enables us to utilize comparative sequence analysis as an effective tool to uncover common genetic features and better understand how these viruses function with their limited genome size. The analysis of the VP2 N-terminal coding region of some closely related but still diverse groups of parvoviruses, i.e., the members of the Parvovirus and Amdovirus genera (41), revealed a conserved, small ORF overlapping the 5Ј end of the VP2 ORF. Every known member of the two genera possesses it, and no other parvoviruses do so. The N-terminal half of the hydrophobic helix coded by these ORFs shares a guanine-rich coding region with a glycine-rich portion of the VP proteins. This G stretch is thought to be required for the flexibility to expose of the N-terminal parts of VP proteins during capsid maturation and infection. Although a glycine-rich sequence can be found near the N terminus of the major capsid component in almost all parvoviruses, such sequences are much less extended than in the members of Parvovirus and Amdovirus genera. This suggests that the development of the extensive G stretch in the VP proteins of these viruses resulted from a double evolutionary pressure. This particular region of the DNA may have to accommodate coding for the flexible VP region and for an ␣-helix hydrophobic stretch of amino acids of SAT. Usage of three codons (GG/T/CG) from the possible four in a glycine repeat satisfies these criteria because such usage results in valine (GTG), alanine (GCG), and glycine (GGG), all of which are well accommodated in a hydrophobic helix. (Fig. 4) were created. The 5Ј end of the wild-type PPV VP2 and SAT ORF are shown with the mutants. The changes are indicated with boldface type and underlined. The methionines of SAT are mutated in M1, M5, and M11. Ser-2 coding in VP2 was changed in M9 and M7, whereas Leu-19 of SAT was changed to S in M3. (B) The mutant GFP-tagged constructs were cotransfected with the GFP-expressing pEGFPN1 plasmid for normalization and immunoprecipitated. To compare the expression levels of VP2 and SAT, the WVP2mRNAFR2 construct (SAT) and VP2mRNAFR1 construct (VP2) were tested. Translation from proximal AUGs. An ATG can be found 4 nt downstream of the VP2 start codon in the SAT frame for all of the members of the Parvovirus genus except for PPV, which is 7 nt downstream of the VP2 ATG. Kozak (19) provided evidence of adherence to the first-AUG rule for translation in eukaryotic mRNAs and of a context-dependent leaky scanning mechanism. Exceptions, such as reinitiation, internal initiation (internal ribosome entry site), and leaky scanning, have all been documented (17, 20, 21, 34) . Interestingly, the synthesis of NS1 and NS2 of some insect parvoviruses is initiated at AUG codons that are spaced by 4 nt (16, 42) . RNA-6 of influenza virus B also directs the synthesis of two proteins (integral membrane glycoprotein and neuramidase) from two initiation codons with an identical spacing sequence of 4 nt (35, 47) . It was suggested that linear scanning by the 40S ribosomal subunit may break down if two AUGs are in close apposition, as increasing the spacing to 46 nt prevented initiation from the second AUG (19) . In most cases (insect parvoviruses NS1/NS2 and Parvovirus genus members VP2/SAT), the 5Ј-proximal AUG codon has a suboptimal context. However, it is noteworthy that the context of the first AUG in influenza virus RNA-6, with an A in position Ϫ3, is adequate (GenBank no. NC_004284). In the case of PPV, the VP2 ATG initiation codon is in a poor context, whereas the start codon of SAT, 7 nt downstream of the VP2 ATG, is in a favorable context. The different forms of the SAT proteins detected on the Western blot seem to result from posttranslational modification rather than alternative initiation, because mutations of the other ATGs in the SAT frame have no effect on the protein pattern. In almost all members of the Parvovirus genus, all the methionine codons in the SAT frame overlap with a stop codon in the third noncoding frame. The reason of this phenomenon is unknown.
SAT phenotype. Inserting stop codons in the SAT frame or mutating the initiation codon of SAT abolished SAT protein translation and resulted in a "slow-spreading" phenotype of the mutant viruses in tissue culture. A similar phenotype was observed for MVM after modification of the VP2 N-terminal sequence (43) . The S2 serine of VP2 is fully conserved among parvoviruses and the most phosphorylated amino acids in MVM VP2. The phosphorylation is important for the migration of the capsid from the nucleus to the cytoplasm (24) . However, the sequence is not only conserved at protein but also at the DNA level. This is surprising, considering the six possible serine codons and that there is no other conserved amino acid (except methionine) in the region. The full conservation of the serine codon suggested that it might be necessary to provide for the most optimal context of SAT initiation. The fact that changing the serine-2 codon in PPV VP2 (mutation M9) did not have a dramatic effect on SAT synthesis and virus infectivity contradicted this idea. Nonetheless, modifications in the VP2 sequence could have an influence on the SAT synthesis or posttranslational modification, and the emerging phenotype could be the result of the modification of either VP2 or SAT or both. The S2A mutation in PPV VP2 (mutation M7) severely down-regulated the SAT synthesis, probably by placing the VP2 AUG initiation codon in a more favorable Kozak context (changing adenine in the ϩ4 position to guanine). However, the phenotype of M7 (S2A) could be less complemented by SAT than that of the SAT knockout mutants, suggesting that changes in the VP2 sequence also contributed to the impaired spreading.
Possible role of SAT. PPV SAT seems to be posttranslationally modified and localized in the ER. The nature of modification and its role in the function of the protein remain to be clarified. Membrane proteins maintain their residency in the ER by either static retention caused by the hydrophobic helix or dynamic retention by retrieval of the escaped proteins from other compartments (2, 8, 28, 46) . The use of truncations and mutations demonstrated that the predicted helix plays a crucial role in the localization of SAT, but no dynamic retention signal on any of the SAT proteins could be identified. Thus, the SAT may be retained in the ER only by static interaction. Several viral proteins from members of other virus families are known to localize in the ER. They can mediate immune evasion by arresting major histocompatibility complex class I molecules in the endoplasmic reticulum (26, 31) . Some viral proteins were shown to generate ER stress responses, like unfolded protein response (11, 40) and ER overload response (30) , which can induce several pathways of cell death through caspase-12, NH 2 -terminal Jun kinase, or Gadd153/chop (22, 39) . It is tempting to speculate that SAT might facilitate cell lysis through ER stress.
SAT protein is probably toxic to the cells in the long term, because no SAT-expressing, stable cell lines could be established, even after repeated attempts. NS proteins from different parvoviruses can induce cell death (apoptosis or lysis) (4, 10, 36) , and with this they facilitate viral spreading. SAT seems to be another molecular tool to overcome the defense system of the cell and complement the effect of NS proteins via an alternative pathway.
Members of the Parvovirus genus are not alone in having alternative ORFs in their VP region. In fact, all the five groups (genera) of closely related parvoviruses contain genus-specific evolutionary preserved alternative ORFs at different positions in their genome. The protein X ORF found in the genome of V9 erythrovirus (GenBank accession no. NC_004295.1; nucleotide 2586 to 2831), for example, is found in all members of the Erythrovirus genus and is predicted in every case to contain two transmembrane helices. Although the p81 transcript seems to be a more or less unique feature of the adeno-associated virus 2 genome, a large genus-specific ORF (GenBank accession no. AF043303.1; nucleotide 2717 to 3340) can be found to overlap the VP ORF of all members of the Dependovirus genus. The probability that these alternative ORFs occurred randomly during the evolution of these viruses is marginal, and the best explanation for their presence in the genome is that they encode other proteins. The presence of genus-specific ORFs and the experimental data presented here confirm that the function of the right side of the parvovirus genome is generally more complicated than previously assumed and not restricted to the encoding the capsid proteins.
